compostition. NMDA receptors necessitate the presence of the NR1 subunit, while the other three subunit can be variations of NR1A or B in the brain. AMPA receptors are also hetero-oligomeric receptors, however they are composed of GLUR1,2,3, and 4 in variations. AMPA receptors that contain GLUR2 as one of their subunits inhibit influx of Ca2+. AMPA receptors in the hippocampus contain the GLUR2 subunit. (12, 2) Studies have indicated that NMDA receptors allow influx of Calcium (Ca2+) once the post synaptic membrane is sufficiently depolarized which is necessary for LTP induction. NMDA receptors are activated when the post synaptic membrane is sufficiently depolarized because the Mg2+ blocking the receptor must be repelled. (12) .
Thus, the Mg2+ block can be repelled by depolarization through tetanic stimulation and paired pulsing in which the post synaptic membrane is substantially depolarized to relieve the Mg2+ block of the NMDA receptors.
Previous papers have shown that LTP induces an increase in AMPA receptor function, which represents the expression of LTP. This occurs after NMDA receptors have been relieved from the Mg2+ block and thus activated. The process in which AMPA receptor activity increases and the exact role of AMPA and NMDA channels however are not well understood. Many hypotheses exist to explain this occurrence. Previous studies have indicated that the increase in synaptic transmission though AMPA receptors occurs because the conductance of single AMPA channels increases and allows influx of more ions (11) . Other studies have further proposed that AMPA receptors become phosphorylated by Ca2+/calmodulin-kinase II which increases individual channel conductance (4). However, another hypothesis also exists, which proposes that the increase in AMPA receptor activity occurs because AMPA receptors are delivered to the synapses when LTP has been induced (10) . The paper being analyzed, Shi et al., focuses on this proposed mechanism. In particular, the investigators used two photon laser scanning microscopy (TPLSM) or electron microscopy (EM) which showed that in hippocampal CA1 slices after LTP is induced in organotypic hippocampal slices AMPA receptors, which were tagged with GFP, become rapidly transported to the dendritic spines and clustered in spines which mimicked the endogenous AMPA receptors. In addition, they also indicated that this event is dependant on NMDA channel activation.
In the present study, the AMPA subunit GLUR1 was tagged with a green fluorescent protein (GFP). To investigate the change in AMPA receptor function after induction of LTP, hippocampal CA1 slices were transected with GLUR1-GFP which had been introduced into the Sinbad virus expression system. The authors used dissociated hippocampal neurons to demonstrate the electrophysiological significance of GLUR1-GFP and used organotypic hippocampal slices, which displayed robust LTP, to display the effects of tetanic stimulation on GLUR1-GFP. The authors performed this by fusing the gene of interest encoding for the GLUR1 with GFP. The GLUR1-GFP AMPA subunit was tagged at the N-terminus and fluorescent microscopy was used to visualize the fluorescence from the GFP. As a result, a fluorescent spec indicates the presence of a GLUR1 subunit which represents an AMPA receptor. Immunoblotting was performed to compare GLUR1-GFP and GFP and to confirm that only GLUR1-GFP molecules were represented by the fluorescent specs that visualized.
The authors tested the functionality of using GLUR1-GFP to indicate AMPA receptor activity. Immunohistochemistry with a -COOH-terminal antibody that recognizes both GLUR1-GFP and endogenous GLUR1 showed that GLUR1-GFP was being expressed about three times more than endogenous GFP. In addition, current voltage graphs were determined that compared infected cells and non-infected cells which indicated that GLUR1-GFP was successfully delivered to the surfaces of neurons and acting as part of the tetrameric AMPA receptor. The immunostaining indicated that the GLUR1-GFP was being successfully expressed in neurons and confirmed that GLUR1-GFP was a desirable target to show AMPA receptor expression following LTP induction in a neuron because GLUR1-GFP and endogenous GLUR2 colocalized on the stain.
The authors determined that GLUR1-GFP was a suitable molecule to mark AMPA receptor expression and that it was successfully expressed in CA1 hippocampal neuron slices. Their next step was to decipher the composition of AMPA receptors in the neurons before stimulating LTP. Two to three days after GLUR1-GFP was transfected into the organotypic hippocampal slices the researchers determined the distribution of GLUR-1-GFP along the neurons was concentrated mainly intracellulary in the dendritic shaft. The researchers accomplished this through immuno-electron microscopic imaging of the dendrites with gold antibodies directed against GFP. Furthermore, using TPLSM the researchers documented how the distribution of the GLUR1-GFP changed as a function of time. These images indicate that the distribution of the GLUR1-GFP remains constant over time. Using immuno-labeling with antibodies for endogenous GLUR1 in a similar dendritic region, it was shown that the endogenous GLUR1 had similar distribution patterns to GLUR1-GFP. (Table 1A ) This indicates that during physiologically normal condition the GLUR1 is mainly distributed in the intracellular region of the dendrites.
Since the distribution of the GLUR1-GFP remained homogenous over time in the absence of stimulation, the investigators tested the effects of tetanic stimulation on GLUR1-GFP distribution. Using TPLSM the researchers noted that tetanic stimulation induced a significant increase of fluorescence at the analyzed spines. The fluorescence indicated that GLUR1-GFP increased along the spine and clustered in the dendritic shaft.
The authors quantified the change in amount of GLUR1-GFP by measuring the arbitrary fluorescence units (AU). (FIG1) In particular, there was a detectable amount of GLUR1-GFP before tetanic stimulation at spines in which the GLUR1-GFP distribution increased, which was expected. However in certain areas after tetanic stimulation the intensity of the distribution of GLUR1-GFP appeared at spines in which no GLUR-1GFP were present before which was not expected (FIG2A1-4 little a). Using antibodies against GFP the authors confirmed their results. The finding that GLUR1-GFP expression increases at synapses where there existed some detectable amount of GLUR1-GFP before stimulation agrees with the hypothesis of the authors that after LTP is induced AMPA receptors are rapidly delivered to the spines where synapses occur.
Along with rapid GLUR1-GFP spine delivery, the TPLSM also indicated that clustering of GLUR1-GFP at the dendritic shaft also occurs after tetanic stimulation. An index of autocorrelation function was calculated to quantify the clusterings. The index of autocorrelation data changed insignificantly in the absence of tetanic stimulation, indicating that the distribution and quantity of GLUR1-GFP did not change. As expected, the index of autocorrelation decreased substantially after tetanic stimulation indicating clustering of GLUR1-GFP at the dendritic shaft. (27 dendrites had R50% decrease by 17.8 +/-1.6%, mean +/-SD dendritic regions had R 50%; decrease by 18.3+/-2.6%, mean +/-SD at ten analyzed dendrites showing spine delivery). This denotes that after tetanic stimulation the GLUR1 gene may cluster in order to form a reserve.
Although the researchers had demonstrated the change in distribution and quantity of GLUR1-GFP, uncertainty of whether these receptors become inserted into the membrane remained. Using TPSLM and immunohistochenistry to detect only surface epitopes in organotypic cultured hippocamal slices, it was displayed that the GLUR1-GFP, which are transported to dendritic shafts and spine, also distribute to the surface (13.3+/-0.9% on surface). These results were further confirmed with the immuno-gold electron microscopy for surface epitopes and indicated that the GLUR1-GFP which was delivered to the spines after tetanus becomes inserted into the spine surface and may explain the increase in synaptic transmission that occurs after LTP induction (9% on surface). Also it was shown that regions that had undergone substantial GLUR1-GFP clustering had more GLUR1-GFP inserted into the surface (18.6+/-0.2% on surface). In addition, the finding that regions with high amounts of clusters also further confirms that the clusters of tagged GLUr1-GFP serve as a reserve.
Thus, tagged AMPA receptors are rapidly transported to dendritic spines where they are distributed to the surface and become clustered in dendrites. However, the authors wondered whether this event, which occurred after LTP induction, was due directly to NMDA activation or if depolarization of the post synaptic membrane was sufficient to cause the post-synaptic trafficking events to occur. Tetatnic stimulation was applied to CA1 hippocampal slices that were bathed in APV, a reversible NMDA receptor antagonist, and resulted in the absence of any clear spinal delivery or dendritic shaft clustering. However, when APV was successfully removed from the solution bathing the hippocampal slice, tetanus resulted in spine delivery and clustering. Thus, it was demonstrated that NMDA activity must be present in order for trafficking of the GLUR1-GFP (which represents the AMPA receptor) to occur from tetanic stimulation and that the depolarization alone cannot induce these results.
The results from the study surprisingly indicate that GLUR1-GFP was detected after tetanic stimulation (represented by fluorescence) in some spines that did not show any signs of GLUR1-GFP before the stimulation (about half of the spines). This indicates that some spines formed after tetanic stimulation, however this is not likely because the spine was short (0.95+/-micrometers) and consequently their previous study indicated that short spines cannot result from tetanic stimulation. In particular, the study indicates that tetanic stimulation induces the growth of small fillopodia-like structures (>3 micrometers in length) an input specific manner (6) . As a result, the authors contribute these unexpected findings to the possibility that the GLUR1-GFP was delivered to preexisting spines. However, they do mention the possibility that these results could indicate the formation of new spines and could represent silent synapses (synapses with NMDA receptors and absent of AMPA receptors and that gain AMPA receptors during LTP). It is evident that further investigation on this occurrence is necessary and could be extremely important in deducing development of neurons and learning.
There are other areas in which more work is needed. This study provides important optical information about receptor distribution and induces that the NMDA receptor plays a role, however it does not reveal the contributions AMPA receptors in synaptic transmission after LTP. (9) More electrophysiological tests would need to be performed. In addition, the exact mechanism by which GLUR1 becomes transported is not proven in this paper. Further experiments involving knock out genes could provide helpful or even micro array studies may help to elucidate other genes involved in the trafficking of GLUR 1 demonstrated in this paper. An additional criticism is that the critical findings shown in the study were studies performed with organotyoic cultures hippocampal slices as opposed to whole dissociated neurons. The author comments on the difficulty of inducing LTP in dissociated neurons and also indicates that the expression of GLUR1 in these neurons are randomly expressed along the neurons, even at synapses which might indicate the difficulty of LTP induction. One pitfall of using organotypic cultures hippocampal slices is that a particular pathway can not be stimulated, however this did not pose a major threat to this paper, but might be a difficulty in future projects.
It is crucial to note how this study relates to other studies that suggest AMPA receptor trafficking to synapses induced by LTP. One study showed that postsynaptic membrane fusion could affect LTP. In particular, if membrane fusion is blocked at a particular step, then LTP decreases and if a protein is added that promotes membrane fusion, then LTP is enhanced. (7) This fortifies these studied findings because AMPA receptors most likely become inserted into the post-synaptic membrane by proteins that assist. So, one possible explanation for Lledo et al's results is that the LTP decreases because less AMPA receptors are being trafficked to the spines, and thus less current will flow. Other studies fortify this hypothesis by showing a protein exists specified for AMPA receptor subunits that is involved membrane fusion processes (1) . A future experiment might involve blocking this protein and observing the effects of LTP with and without the block. There has also been evidence of vesicular organelles in spines of dendrites visualized by electron microscopy, which would fortify this current study because vesicular organelles are important in the transport of proteins to fuse with the membrane (5). Furthermore, a previous study shows that calcium-calmodulin dependant protein kinaseII, which is activated by calcium influx that occurs during LTP induction presumably from the NMDA receptors, may play a role in evoking exocytosis at the postsynaptic membrane (8) , which indicates that AMPA receptors may become inserted into the post-synaptic membrane by this mechanism. All of these findings indicate that the increase in AMPA receptor function after LTP could possibly be due to transportation of AMPA receptors and insertion of them into the membranes of the spines. However much work is needed to prove what this event and the mechanism.
The clustering of the GLUR1-GFP shown in the experiments also has many implications when paired with previous works. The current paper notes that Ca2+ entry through NMDA receptors evokes nucleation of AMPA receptors that might need to be replenished. One might imagine that the clustering may serve to act as a reserve. In conjunction with Frey et al.'s paper which indicates that synaptic tags exist, one can insinuate that the GLUR1-GFP cluster may serve as docking sites for other AMPA receptors that need to travel far distances (13) . Again, it is important to note that many other studies need to be performed to confirm these implications.
Although much remains to be unraveled, this investigation was monumental because it directly showed synaptic activity such as tetanus produces rapid events such as post-synaptic trafficking of AMPA receptors. There have been several studies that have GLUR1 subunit in LTP induced events. In particular, they constructed knock out mice lacking the GLUR1 gene which did not show evidence of LTP after tetanus was applied. (14) . Other studies have showed that similar trafficking events occur for endogenous GLUR1 which fortifies these results. In particular this study plays a critical role in the quest to identify which molecules are involved in LTP and it helped pave the way for future studies that attempted to discover the role of these molecules. Table 1 Figure 1A Figure 1B 
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